The research programof the Center for Econom c Studies (CES)
produces a wde range of theoretical and enpirical economc
anal yses that serve to inprove the statistical prograns of the U S
Bureau of the Census. Many of these analyses take the form of
research papers. The papers are intended to nmake the results of
CES research available to econom sts and other interested parties
in order to encourage discussion and obtain suggestions for
revision before publication. The papers are unofficial and have
not undergone the review accorded official Census Bureau
publications. The opinions and concl usi ons expressed in the papers
are those of the authors and do not necessarily represent those of
the U S. Bureau of the Census. Republication in whole or part mnust
be cleared with the authors.

The Span of the Effect of R&D in the Firm and Industry*

by

Janes D. Adans
Center for Economc Studies, U S. Bureau of the Census
and University of Florida

and
Adam B. Jaffe
Harvard University and NBER

CES 94-7 June 1994

Al'l papers are screened to ensure that they do not disclose
confidential information. Persons who wish to obtain a copy of the
paper, submt conmments about the paper, or obtain general



i nformati on about the series should contact Sang V. Nguyen, Editor,
Di scussi on Papers, Center for Econom c Studies, Room 1587, FB 3,
U S. Bureau of the Census, Washington, D.C. 20233-6300, (301) 763-
2065 or | NTERNET address snguyen@ nf o. census. gov.




Abstract

Previ ous studies have found that the firms owmn research and
spillovers of research by related firnms increase firm
productivity. |In contrast, in this paper we explore the inpact
of firmR&D on the productivity of its individual plants. W
carry out this investigation of within firmR&D effects using a
uni que set of Census data. The data, which are fromthe chem cal s
i ndustry, are a match of plant |evel productivity and ot her
characteristics with firmlevel data on R& of the parent
conpany, cross-classified by |ocation and applied product field.

We explore three aspects of the span of effect of the firms
R&D: (i), the degree to which its R&D is "public" across plants;
(ii), the extent of its localization in geographic space, and
(iii), the breadth of its relevance outside the applied product
area in which it is classified. W find that (i), firmR&D acts
nore like a private input which is strongly anortized by the
nunber of plants in the firm (ii), firmR& is geographically
| ocalized, and exerts greater influence on productivity when it
is conducted nearer to the plant; and (iii), firmR& in a given
applied product area is of limted rel evance to plants producing
out si de that product area. Mdreover, we find that while
geographic localization remains significant, it di mnishes over
time. This trend is consistent with the effect of inproved
t el ecommuni cations on increased information flows within
or gani zati ons.

Finally, we consider spillovers of R& fromthe rest of
i ndustry, finding that the margi nal product of industry R&D on
pl ant productivity, though positive and significant, is far
smal | er than the marginal product of parent firm s R&D
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. Introduction

It is now well-understood that the non-rival nature of
know edge and information is at the heart of the econom cs of
R&D, technol ogi cal change, and productivity growth. Numerous
studi es have shown that "spillovers" of know edge across firns
have i nportant inplications for industrial organization (Spence
(1984); Levin and Reiss (1984 and 1988)) and can generate
equilibriumgrowmh paths for the econony as a whole in which
i ncone per capita can grow forever (Romer (1986, 1990); Lucas
(1988)). Simlarly, the ability to "spread" a given anount of
R&D over any nunber of productive units can lead to increasing
returns to R&D within individual firns (Cohen and Kl epper, 1993).

Exi sting anal yses treat spillovers across firns and
increasing returns to R&GD within firns as quite distinct
phenonmena. This has not al ways been the case. |Indeed, Al fred
Marshall, who is often credited with being the first to wite
about the phenonena that we now call "know edge spillovers,"”
vi ewed such spillovers as allowing small firns to achieve
"econom es" associated with |large scal e operations:

Many of those econom es in the use of specialized skil
and machi nery which are commonly regarded as within the
reach of very large establishnents, do not depend on
the size of individual factories. Sone depend on the
aggregate vol une of production of the kind in the

nei ghbor hood; while others again, especially those
connected with the growth of know edge and the progress



of the industrial arts, depend chiefly on the aggregate
vol une of production in the whole civilized world™.

In this paper we exam ne both transfers of know edge across
facilities within a firm and spillovers across firnms. In both
cases, the extent of increasing returns is determ ned by the
extent to which the inherent non-rival nature of information
itself is tenpered by other considerations. First, the extent
of increasing returns will be affected by the breadth of

t echnol ogi cal rel evance of know edge. That is, a given "bit" of
information will be extrenely useful for sone purposes, |ess
useful but still relevant for some others, and useless for
others. Wether we ook within or across firns, the "effective
non-rival nous"” of know edge will be affected by the extent to
whi ch know edge devel oped in a given specific circunstance is, in
fact, useful in other circunstances. 1In the spillover
literature, this has been addressed by recogni zing that the
magni t ude of spillovers between two firnms is likely to be a
function of the "technol ogi cal distance" (Jaffe, 1986) between
them |In the literature on organizations, this issue is couched
as the extent of "know how conplenentarities"” (Helfat, 1994)

anong distinct business units within a firm

L Al fred Marshall, Principles of Econonics, McMIIlan
(1920), Book 1V, Chapter VIII, pp. 220.

2



Second, for a given bit of know edge to be widely used it
must be effectively transferred across institutional, cultural
and/ or geogr aphi ¢ boundaries.? The cost of this transfer process
wor ks agai nst increasing returns, so that the extent of
increasing returns is powerfully affected by the magnitude of
these costs. Looked at this way, the boundary of the firmis
just one of several inportant sources of transactions costs that
may limt increasing returns. It is an enpirical question, for
exanple, if the cost of |earning about and absorbi ng research
results fromanother plant is typically higher if the other plant
is in another state, but owned by the sane firm or next door but
owned by a different firm?

We focus on manufacturing establishnents, and exam ne the
extent to which their productivity is affected by R&D perforned

in established research labs.* To begin to get a handle on the

2. The last line of the passage from Marshal |l suggests that
he t hought geography uninportant for the transfer of "know edge and
the progress of the industrial arts.” For a contrary view see
Krugman (1991); for evidence on the geographic |ocalization of
know edge spillovers see Jaffe, Henderson and Trajtenberg (1993).

3. There is a big difference between the firm boundary and
geographi c or other boundaries froma strategic point of view. The
firmpresumably tries to mnimze the costs of internal transfer
and maxi m ze the costs of external (outbound) transfer. In this
paper we abstract from such strategic considerations, and sinply
estimate how i nportant, in practice these different costs seemto
be.

4. As such we exam ne "l|earning by studying" as opposed to
"l earning by doing." Jarmn (1993) exam nes the extent to which
| earning by doing is a non-rival good.
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multiple factors nmentioned above, we distinguish the effects of
R&D by whether or not it is perfornmed by the firmowning the
manuf acturing establishnment; by the geographic di stance between
the R&D facility and the manufacturing establishnment; and by the
extent of match between the "product field" in which the R& is
performed and the product m x of the establishment. To exam ne
t hese questions, we utilize data from several different sources.
At the heart of the dataset is a panel of manufacturing
establi shnents over tine fromthe Census and Survey of
Manuf actures (the Longitudi nal Research Data or "LRD'), natched
by firmand industry to the firmlevel R& survey conducted by
the Census for the NSF ( "NSF R& data"). Because of the
| abori ousness of this matching process, we limt ourselves to
establishnments and firns within the chem cal industry (SIC 28).
The paper is organized as follows. Section Il sets out an
econonetric framework for neasuring the effects of firm
boundari es, geographi c di stance and technol ogi cal distance on the
effectiveness of transfer of R&D results. Section Il describes
in detail the data on firnms and establishments, and di scusses a
nunber of neasurenent issues. Section IV presents the results.
Section V discusses those results, focussing particularly on what
we find to be apparently strong decreasing returns within firns.
Section VI contains concluding remarks.

1. Modelling Franmework



We postulate that a plant (manufacturing establishnent) i
has an "effective stock of know edge" K;, at tinme t. |n general
this knowl edge may be the result of learning by doing at this and
other plants, of informal "research" activities perfornmed at the
pl ant, of formal research of the plant's parent firm perforned
at many | ocations, and of formal research of other firms. In
this paper, we ignore |learning by doing and informal research as
know edge sources, and focus on the fornmal research of the firm
and other firns. W exam ne the extent to which the inpact of
R&D on the plant's productivity is affected by the geographic and
t echnol ogi cal di stances involved, by the nunber of other plants
that are sharing the sane R& resources, and by the ownership of
the R& facility as conpared to that of the plant.

We nodel the effect of the stock K, in a total factor
productivity framework, assum ng a Cobb-Dougl as production

function for the output of plant i:

0K Ly CyM  exple,), @

where Q, is the output of plant i in year t; L;, is |abor input,
C, is conventional capital inputs, M, is material inputs, and ,;,

is everything else that affects output.® Rather than try to

5. Note that we constrain the elasticity of output with
respect to the know edge stock to unity. Since know edge is
unobserved, this has no enpirical inplications, so long as we
permt the elasticity of the know edge stock with respect to
observabl es (such as R&D) to be estimated.
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estimate (1) directly, we increase our ability to identify the
ef fects of know edge by using factor shares as estimates of the

output elasticities ', "5 , and 'y. That is, we calculate the

| evel of conventional factor productivity:

Liac s @

fromthe input and out put data and the factor shares.
Substituting (2) into (1) suggests that the effect of know edge
on out put can then be estimated froma regression of the |evel of
TFP on the effective know edge stock. Note that this approach
assumes constant returns to scale at the plant level in the
conventional inputs L, C, and M

| deal Iy, we woul d construct a proxy for the effective
know edge stock that sinultaneously incorporated all of the
effects of interest. Unfortunately, there are inherent
l[imtations on the ability of the data to sinultaneously identify
the effects of distance al ong geographic and technol ogi cal
di mrensions. To estimate both effects, one woul d need data
revealing the joint distribution of research activity along the
two di nensions. Instead, we observe only the marginal
distributions. That is, we know how nmuch of the firm s research
isin different states, and how nuch is in different fields, but
we do not know how nmuch in each field is done in each state.
This limtation prevents us fromusing a nodel that
si mul taneously captures all effects. W are limted to a series
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of partial analyses. Each of these anal yses takes the general

. ®; - 8ROY
Clecymdy

where R°;; connotes research of i's parent firmthat is in sone

form
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sense "close" to plant i, and RY, connotes research that is in
sone sense "distant." As indicated above, the neaning of close
and di stant could be either geographic or technol ogical. The
variables n® and n® are the total nunber of plants (including i)

that are in the "close" and "far" groups, however defined. R;
denotes the research of firns other than i's parent; n,, i s the
total nunber of plants in the industry®.

A nunber of inportant assunptions are enbedded in this
functional form First, while we treat "close" and "far"
knowl edge fromthe parent firmas perfect substitutes (albeit
with potentially different productivities), we treat know edge
fromthe parent firmand other firns as conplenents. This
reflects the view that absorbing spillovers fromother firns

requires doing research yourself (Jaffe, 1986; Cohen and

Levinthal, 1989) Second, we treat both technol ogi cal and

6. Alternatively, let the effect K, be

®; + RO
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where n,, is the nunber of the firms plants whether close by or
distant. This difference in specifications matters little to the
estimated effect of firm R&D.



geogr aphi c di stance as binary rather than continuous vari abl es.
This is partly an accommodation to the data, which probably would
not support estimtion of continuously declining effects with

di stance. Mre fundanentally, it is not obvious that the effect
of distance is intrinsically continuous. Qur approach is
reflects the notion that if know edge sources are nearby, then
mechani snms of informal conmuni cation that operate anong people in
the sanme area can operate; beyond a certain distance, these
mechani snms cannot operate and know edge flows only by nore forma
means such as publication. W assune that once you are at a

di stance where informal communication is not available, it does
not matter greatly how far away you are. By anal ogy, we are
sayi ng that people at Harvard and MI1.T. conmunicate nore with
each other than either do with people at Stanford, but there is
not a big difference between the extent of their conmunication
with Stanford and with University of Chicago.

Finally, by "normalizing" the knowl edge stock by the nunber
of plants, we allow for the possibility that the transactions
costs associated with transferring know edge may increase with
t he nunber of |ocations across which that know edge is being
shared. O course the (s could be zero, suggesting strong
increasing returns, at |least as |ong as technol ogical and
geogr aphi c di stances are kept small. Qur original conception was
that the magnitude of the ( paraneters would fall between 0 and
t he magni tude of the corresponding $ paraneters. Such a result
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woul d suggest that increasing returns were being tenpered by
know edge transfer costs. To our surprise, the (s are often
| arger than the $s, suggesting a form of decreasing returns that
we wi |l discuss further bel ow.

For either concept of distance, we obtain an estinmable

equation by substituting (3) and (2) into (1) and taking | ogs:

0(TFP,)-B R, - mn‘)* B Ry v,0n(n,)
- YdM(ny‘) - Y () ; ¢kZ:+ My (4)

where the Z are additional variables that explain productivity
such as tinme dumm es and age effects, and ;, i s the residual

unexpl ai ned effect.’

I11. Description of the Data

We study chemicals (SIC 28) in this paper because production
data for this industry tend to be of good quality and there are
clear distinctions between technologies in the industry
subgroups. These support the construction of meani ngful spillover
pool s, al nbst by necessity constructed along the lines of the NSF

applied product fields. Qur data span the period 1974-1988.

7. In firmlevel data, the preferred approach to measuring
R&DY productivity effects in panel data is to use fixed effects or
differences, in order to allow for unobserved pernmanent differences
anong the observation units. This greatly decreases the signal to

noi se ratio. In the plant-level data, we were unable to get
meani ngful results with any estimation nethod that allows for
unobserved effects, including the |long-difference estimtor

proposed by Giliches and Hausman (1986). W nust therefore rely
on the hope that the included control variables capture nost of the
i nportant effects.



The data conbi ne six separate sources: (1) plant |evel
production data fromthe Annual Survey of Manufactures and the
manuf acturi ng Census, known as the Longi tudi nal Research data
base; (2), firmlevel data fromthe R&D survey conducted for NSF
by Census; (3), the NBER 4 digit manufacturing data constructed
by Wayne Gray, which include deflators for gross investnent,
val ue of shipnments, and materials; (4), the Bureau of Econom c
Anal ysis 2 digit deflators and depreciation rates for capital
st ocks of equi pnent and structures; (5), the BLS 2 digit rental
rates per constant dollar of equi pnent and structures; and (6),
the Census Picadad file for the cal culation of distances between
all possible points of latitude and | ongitude.

Bef ore exclusions the file consists of 1150 chemcal firm
years and 21,546 plant-years. Since the sanple period is 1974-
1988, these statistics translate into roughly 80 chemcal firns
per year and 1400 chem cal plants per year. The nean nunber of
plants per firmis 18, nore before 1979 and | ess afterwards, due
to increased selectivity in the Survey of Manufactures at this
tine.

In constructing the data set we attenpted to match every
observation in the LRD and R&D data that net our criteria for

data quality® In the case of the R&D we required that data

8. W say attenpted, because firmid nunbers in the R& survey
are not updated with ownership changes as they are in the LRD. W
achieved a 95% match rate for R& firnms in census years and a 74%
match rate in ASM years.
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al nost al ways exi st on research expenditures by state and applied
product field. Wiere it did exist we required that it be real and
not inputed, and that the state and applied product field
conponents approximately add to totals. In the few cases where
the data failed to exist we required that good data exist in

adj acent survey years so that we could interpol ate®.

Referring to (2), TFP entails the deflation of nom nal
values of materials, |abor, and output to obtain real val ues.
Also it requires deflation of gross investnent in equipnent and
structures and the construction of real stocks for each form of
capital. Finally it requires the construction of factor cost
shar es.

In terns of the LRD production data, materials input is
defined as current expenditure mnus the change in materials
inventory. G oss investnents are defined as expenditures on new
equi pnent and structures. Qutput in the LRD is the val ue of
shi pnents plus the increase in work-in-progress and final goods
i nventories.

Real labor input is sinply total enploynent. Real materials
i nput, gross investnment, and output are obtained by dividing

nom nal values by the NBER 4 digit deflators indexed to 1987.

9. This criterion, conbined wth the appearance and
di sappearance of firnms fromthe ASM has the effect of introducing
perforations-- frequent starts and stops-- in the nerged data.
Hsiao (1986), Ch.8 contains a discussion of econonetric methods for
dealing with perforated data.
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In order to construct real capital stock we foll owed the
met hodol ogy of Lichtenberg (1992). 1In the initial year for the
tinme series for any plant we defl ated gross book val ues of
equi pnent and structures separately using 2 digit deflators for
each type of capital fromthe Bureau of Econonic Anal ysis?'.

Defl ators were given by the ratio of industry net capital stock
in 1987 dollars to industry gross capital in historical dollars.

Initial real capital stock therefore is

NCC
Co OBV e, (5)
where GC;, is real capital stock of plant i in industry j, @GBV;,
is gross book value in historical dollars of the plant, NCC, is

net capital stock of the industry in constant 1987 dollars, and
GHG,;, is gross capital stock of the industry in historical
dollars. For succeeding years in the tine series of each plant
we applied the perpetual inventory fornula for equi pnent and

structures separately,

C",-C"l,’l(l—6},)+Ivr° (6)

where G;,., is real capital stock fromyear t-1, *, is the BEA
depreciation rate by 2 digit industry and each form of capital,
and |;;;, is gross investnent in the plant in constant 1987

dollars. Bailey, Canpbell, and Hulten (1992) conpare this nmethod

10. W thank John Miusgrave of BEA for the industry deflators.
12



of deflation wwth a nore el aborate nethod. The nore detail ed

met hod foll owed each plant fromits first appearance in the LRD
and deflated the entire investnent streamusing the NBER 4 digit
deflators, and found that the nore careful nethod of cal cul ation
made very little difference in results, |largely because of the
smal | share of capital in cost which mnimzes the inpact of
errors in the cal cul ation of capital stock.

Since we follow a conputational approach to TFP, then (2)
requires estimates of factor cost shares in order to conpute
estimates of the ", elasticities!. W begin with expenditures.
Labor expendi tures equal wages of production and non-production
wor kers plus supplenentary | abor costs. Materials expenditures
are expenditures net of growh in materials inventories. W
followed a different procedure for the estimation of capital
expenditures. Reported capital spending noves erratically due to
| unpi ness of investnents and nonreporting of the shadow val ue of
rentals on the firnms capital stock. W multiply real capital
stock by 2 digit industry rental rates per dollar of capital to
obtain an estimte of spending on capital. W performthis
procedure separately by equi pnment and structures and sumthe

results to obtain capital expenditures. Each of the three

11. The regression approach to TFP perforns regressions of the
log of real output on a vector of real inputs in logarithmc form
The regression coefficients are average output elasticities, and
need not sumto 1.0, that is inpose constant returns to scale.
However the sumis usually close to 1.0 because the average pl ant
operates at m ni nrum average cost.
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expendi tures, on |abor, materials, and capital, are divided by
all the expenditures to obtain estimted cost shares. The bul k
of costs at the plant level is on nmaterials, with |abor second
and materials last. Wile sone mght object that this procedure
I nposes constant returns on the data, the alternative regression
procedure, which does not inpose this restriction, generally
finds the sumof the elasticities close to one.

Descriptive statistics are reported in Tables 1 and 2.

Table 1 reports the industrial distribution of the plants?,
About two thirds are in chemcals, petroleum and rubber. Most
of the remainder are clustered in the other high technol ogy

i ndustries-- machinery, electrical equipnent, and instrunents--
and food processing. This pattern of concentration of plants in
industries that are strongly affiliated with chemcals naturally
condi tions our analysis of industry groups, since the study of
outliers requires reliable indicators of central tendency.

Tabl e 2 reports means and vari ances by industry group for
total factor productivity of the plant, R&D of the parent firmin
the same applied product field as the plant's industry, and R&D
of the rest of the chemcals industry in the sanme applied product

field as the plant's industry.

12. As one woul d expect of this industry, over half the plants
are concentrated in seven localities: California, Illinois, New
Jersey, New York, Pennsylvania, GChio, and Texas.
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The cal cul ations reveal the inmmense range of plant TFP. These
cal cul ations are perforned before the exclusion of nost outliers.
The only restrictions are that output and i nputs be positive and
not m ssing, and that expenditures on inputs divided by val ue of
sal es not exceed 10.0.

The I ow end of the range of TFP is popul ated by pl ant
births, for which output has not as yet caught up with input, and
it is populated by plants that are idled. Paradoxically, a rather
hi gh productivity can be inplied by plant death, since inputs can
be set at a low level as the plant subsists off the sale of final
goods inventories. The rather high standard devi ations of TFP
suggest the inportance of industry differences, births, deaths,
and plant idling, as well as neasurenent error. Cearly
differences in TFP are influenced by a good deal besides
technology. In particular they are influenced by industry
variations in overhead costs, such as nmarketing and ot her central
of fi ce expenses.

The statistics on parent firm applied product field R&
l[isted in colum 2 are as expected. They are quite large in the
core chemcal fields, especially pharmaceuticals, and in sonme of
the affiliated industries. W also see simlar concentrations of
i ndustry R&D by applied product field, though industry R& is of
course much |larger. Table 2 nmakes it clear that between industry

correlations of productivity and R&D are unlikely to be very
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hi gh, given that productivity is driven by many other factors
besi des technol ogy.

As a final data issue, we confront the theoretical
expectation that the effective stock of know edge shoul d depend
on the history of research investnents on which the plant draws,
not just current R&D. As a practical matter, the stock and fl ow
approaches to R&D wil|l differ in their estinated effects only to
the extent that firns vary their real R&D substantially over
time. 1In general, such variation is relatively small, making
estimation based on flows econonetrically simlar to estimation
based on stocks. Still, we explore a version of a stock nodel in

which the R&D variable is a partial accumul ati on of past R&D:

RDK, - 253(1 - BYRD,, )
D

where the depreciation rate * is taken to be 15 percent per year

(Giliches and Lichtenberg, 1984).

V. Findings

Tabl e 3 presents the results of our sinplest estimation, in
whi ch we ignore spillovers fromother firns, and the effects of
geographic and technol ogi cal distance. W sinply |look at the
effect of firmlevel R& on plant productivity, controlling for
t he nunber of plants over which the firms total R&D nust be
"spread.” W also include dumm es for year, sub-industries,

regions, new plants and plants with |arge output reductions. W
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performthe estimation for all plants owned by the identified
chemcal firnms, and for a subset limted to chem ca
est abl i shment s.

The results are broadly simlar whether we | ook at al
pl ants or the chem cal industry subset. The life-cycle effects
are quite inportant, wth neasured productivity being
dramatically |lower in both new plants and those that are cutting
back. Regional effects also matter, with productivity highest in
the North and | owest in the South.

Turning to R&D, the nost striking finding is that R&D does
not have a neasurabl e inpact on productivity unless we control
for nunmber of plants. Once we control for the nunber of plants
(eq. 3.2, 3.4, and 3.6 in the flow version, and 3.3 and 3.7 in
the stock version), we obtain estinmates of the elasticity of
productivity of R&D in the range of .06 to .07, which are
slightly lower than the results fromfirmlevel data [Lichtenberg
(1992), Giliches and Mairesse (1984)]. The nunber of plants is
itself extrenely significant, and |larger in nmagnitude than the
R&D coefficient; this difference is statistically significant?®.
This says that the parameter ( of Equation (3) is actually
greater than the paraneter $; R& is so rapidly diluted by
spreading R&D over nmultiple plants that R&D nust be increased

faster than proportional to the nunber of plants in order to

13. For the full sanple the F statistic is 148.6. For the
sanple of chemcal plants the F statistic is 317.7.
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maintain its effectiveness at each plant. This is a disturbing
result, inplying that firns would be better off breaking
thenselves into pieces. It is a robust finding in these data.
Nevert hel ess, equation 3.3, which constrains the specification to
the log of R&D per plant, fits the data nearly as well, and the
coefficient of R& per plant is scarcely |larger than the
specifications that introduce the | og of R& and the |og of
nunber of plants separately.

In Table 4 we introduce the first distance distinction into
the regressions. W deconpose the firns' R&D into that portion
that is in the sane state as the plant, and all other, and
estimate the relative contribution of each using the formnul ation
of Equation (3). The results are quite simlar to those of Table
3, except that we find the expected di mnution of effectiveness
for nore distant R&D.* W find that R&D perforned outside the
state is roughly 10 to 20 percent as effective as R&D perforned
in the sane state. The overall R&D elasticity for this conposite
R&D total is slightly lower than in Table 3, approximately .05 to
.07. The "dilution" effect fromother plants remins
significant, and is generally larger than the R&D el asticity,

particularly for plants outside the state.

14. In this and all subsequent Tables, we suppress the
estimated effects for regions and life-cycle status; their general
nat ure does not change in the different specifications.
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Table 5 explores the effect of technol ogical rather than
geographic distance. W find that R& outside the plant's
product field is roughly one-third as effective as R& in the
plant's product field. The overall R&D elasticities fall further
fromthose in Table 3. Technological effects are not estinated
as precisely as geographic ones, probably reflecting greater
measurenent error in the allocation of firns' R&D across fields
relative to the allocation across states.

Table 6 is anal ogous to Table 4, but broadens the notion of
"close" to include all states within 100 mles of the plant.

This is intended to allow for the reality that, particularly in
smal| states in the Northeast, research could be close while
being in another state. The results are qualitatively simlar.
As expected, the inplied discount for being "far" is now even
greater; research in states beyond 100 mles is only 7 to 11
percent as useful as research done inside that radius.

Tabl e 7 incorporates spillover effects. W find that the
R&D of other firns does affect a plant's productivity.' W also
find that the elasticity of plant productivity with respect to
other firms' R& is approximately the sane as the elasticity with

respect to the parent firms R&. Note that industry R&D is a

15. Note that, unlike the previous, these results do not
i nclude industry dummes in the regression. There is sinply too
little within-industry variation in the spillover variables, even
w th geographic effects, to identify the spillover effects in the
presence of industry dumm es.
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much bi gger nunber, so that the simlar elasticities inply that
the margi nal product of industry R&D is approximately one-
fifteenth as large as the margi nal product of parent firm
research. (See Table 2 for neans of R&D variables.) In other
wor ds, each dollar spent by another firmis nuch | ess useful than
a dollar spent by the parent, but because there are so nany nore
of themtheir collective effect is of the sane order of

magni tude. It is interesting to note that the nunber of plants
in the industry does not reduce productivity. In our nodel, this
is interpreted to nean that once know edge makes it past the
boundary of the firm (which significantly reduces its potency),
there is no further dilution connected with the nunber of
spil |l over beneficiaries.

Tabl e 8 concludes the presentation of results by breaking up
the data between the first and second halves of the tine period.
To test robustness to the choice of breakpoint, we conpare 1974-
78 with 1979-88 (Colums 8.1 and 8.4) and al so 1974-1980 and
1981-1988 (Col umms 8.2-8.3 versus 8.5-8.6). The sanples include
all plants, not nerely chemcal plants. The basic finding, which
is insensitive to the breakpoint, is that the return to R& has
increased in the nore recent period, and that geographic
| ocal i zati on has decreased®. These results are consistent with

the idea that the pace of technical change has quickened in the

16. W are indebted to David Sappi ngton for suggesting that we
stratify the regressions by tine period.
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nost recent period, and with the notion that inprovenents in
comuni cations and i nformati on technol ogy have | essened the

i nportance of distance.

V. Discussion and Concl usi ons

The biggest puzzle in the results is the persistent, strong,
large "dilution" effect whereby plant-level productivity falls
with the nunber of plants owned by a single firm To enphasize
the significance of the nunber-of-plants effect, consider the
follow ng stylized summary of our results. W assunme constant
returns to scale in conventional inputs, and then find
elasticities with respect to parent firm R& of 4-8% and i ndustry
R&D of about 6% Hence, hol ding the nunber of plants constant we
find private returns to scale would fall in the range of 1.04-
1.08, while industry returns to scale would be about 1.10-1.14.
We find, however, that, holding all else constant, the elasticity
of output with respect to the nunber of plants is about -0.16,
suggesting overall decreasing returns to scale.

Since this suggests non-optim zing behavior on the part of
mul ti-plant firms, we are naturally inclined to search for other
expl anations. W are dependent on the plant-1|evel reported sales
data, which are to sone extent an artifact of transfer prices
used by the firnms. If firms with nore plants tend to use
transfer prices that inpute nore value to headquarters or

mar keting, this would nake the plants of such firnms "l ook" |ess
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productive. W are skeptical that this story could account for
all of the large nunber-of-plants effect, since the plant effect
coul d be an additional manifestation of technol ogical distance.
All else equal, a firmwith many plants will tend to nake nore
different kinds of products. This neans that the fraction of the
firms research that is devoted to problens of interest to any
particular plant will fall as the nunber of plants increases. To
the extent that product fields are a crude technol ogi cal
classification, and/or firnms have difficulty classifying their
research by product fields, this effect would not all be captured
by the product field distinction in our nodel. Still, this story
woul d explain why ( might approach $; it does not explain why it
woul d exceed it.

Al though this result may be an artifact of neasurenent
problens, its size and robustness!’ suggests sone consi deration
of whether it could be real. WIIlianmson (1967) and Cal vo and
Wellisz (1978) explore the idea that | ayers of hierarchy create
costs in the formof information and directives being
i naccurately or inadequately passed down to subordi nates. Keren

and Levhari (1983) develop a nodel in which this cost is

17. W explored several variations to determne if the nunber
of plants was proxying for sonething else. In particular, the
nunber-of-plants effect is not significantly dimnished by
controlling for firm diversification or industry concentration
(both neasured at the 4-digit SIC level). Interestingly, in the
presence of the plants variable, diversification was positively
associated wth productivity.
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optimal |y traded off against the benefits of hierarchical
organi zation. It is hard to see how our results are consistent
with optimal hierarchy size.

Dearden, |ckes, and Sanuel son (1990) nodel the probl em of
innovation in hierarchies as a two-period gane with nmanagers as
princi pals and subordi nates as agents. In this ganme the
principal is only able to observe output, and is unable either to
separate job productivity fromworker quality, or to ascertain
whet her an innovation has or has not been adopted. The asymetry
of information allows high productivity agents to shirk work
effort and i nnovation; the optinmal conpensation structure
therefore results in too little innovation that diffuses too
slowy, relative to the first best. MAfee and MM Il an (1992)
al so study the additional costs of hierarchy due to the fact that
information is one-sided with agents. They point out that
hi erarchi es provide benefits, as well as inposing informational
costs, in the formof output coordination and extraction of
nmonopoly rents. Geanokoplos and MIgrom (1991) pursue the
possibility of cost savings in detail. Using a quadratic cost
obj ective they denonstrate the possibility of advantages to
out put coordi nation that conplenent the necessity of
speci alization inside the enterprise which they denonstrate nore
general ly.

Thus, a variety of theoretical approaches assune inperfect
information on the part of managers or principals. Al entai
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nmoral hazard on the part of subordinates or agents or another
informational failure that ultimtely brings about organizational
di seconom es. These explain why organi zations will not grow
infinitely large, even in the presence of strong econon es of
scale. |If, however, size is anything like optimal, it is hard to
reconcile our results with the presence of large multi-plant
firms. There would have to be sonething associated with
mul ti plant operation that powerfully affects profits but not
productivity as we neasure it.

Putting aside the nunber of-plants-effect, the results
present a plausible picture of the productivity effects of the
fl ows of know edge enmanating from fornmal research prograns.
Di stance does matter; research |labs that are farther away or
focussed on other product fields do not have as |large effects on
productivity at the plant level. There is evidence of research
spil |l overs, suggesting the existence of significant technol ogical
externalities associated with chem cal research prograns.

One inportant caveat is that nmuch R& is devoted to product
i nprovenent rather than process inprovenent. In principle,
increases in product quality that yield greater sales revenues
can be incorporated in the TFP framework. It is unlikely,
however, given the way real output is typically neasured, that
very nmuch quality inprovenent does show up in TFP as we neasure
it (Giliches, 1979). This difficulty is confounded by our use
of plant-Ilevel output neasures, since the plant-level prices

24



reported for the establishnments of nmulti-plant firns may be
internal transfer prices that do not correspond to nmarket val ues.
These consi derations suggest that we woul d underestinate the

ef fect of R&D on productivity, both within firns and from

spil |l overs.
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Table 1
The Distribution of Plants by Industry G oup

| ndustry Group Nunber of Plant Years
(SIC in parentheses) (% of total in parentheses)
Food (20) 1141
(5.3)
Cheni cal s (28) 12698
(58.9)
I ndustrial Inorganic and 5572
Organi ¢ Chemical s (25.9)
(281, 286)
Pl astics, Resins, and 1287
Fi bers (282) (6.0)
Drugs (283) 1598
(7.4)
Agricul tural Chem cals 711
(287) (3.3)
Soaps, Paints, O her 3530
Cheni cal s (16. 4)
(284, 285, 289)
Pet r ol eum Refi ning (29) 581
(2.7)
Rubber and M scel | aneous 1370
Pl astics Products (30) (6.4)
Machi nery (35) 635
(2.9)
El ectrical Equi pnent (36) 730
(3.4)
I nstruments (38) 1247
(5.8)
O her Manuf actures 3144
(14.6)

Notes. Period is 1974-1988. Plants are restricted to those owned by chem ca
concerns. The definition of chenmical firns follows the research and
devel opnent survey.
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Tabl e 2
Means of Total Factor Productivity
and Applied Product Field R&D
by Industry G oup
(Standard Devi ations in Parentheses)

| ndustry Group TFP R&D of Parent R&D of Rest of
Firm I ndustry
in the Product in the Product
G oup G oup
Al'l I ndustries 7.3 23,323 350, 243
(9.0) (45, 033) (336, 038)
Food 4.6 16, 948 85, 160
(6.2) (24,718) (29, 226)
Textil es and 6.0 2,030 20, 565
Appar el (4.3) (4,525) (32, 095)
Lunber, Furniture, 6.2 0 0
and (7.5) (0) (0)
Paper
Cheni cal s I ndustry
I ndustri al 4.4 37,117 463, 501
Organi ¢ and (6.5) (44, 721) (93, 241)
| norgani c
Cheni cal s
Pl astics, 3.9 50, 564 467, 111
Resi ns, and (3.4) (91, 527) (142, 808)
Fi bers
Dr ugs 15.1 57,019 1, 239, 765
(12.9) (63,176) (286, 646)
Agricul tural 4.9 11, 584 250, 055
Chemi cal s (10.6) (17, 905) (62, 386)
Pai nts, Soaps, 6.6 16, 528 473, 199
and O her (6.0) (35, 986) (98, 029)
Pet r ol eum Refi ni ng 2.9 2,591 36, 146
(2.7) (9, 625) (16, 683)
Rubber and Pl astics 7.4 7,276 92, 665
(6.5) (30, 940) (92, 362)
Stone, Cay, and 14.9 2,088 16, 057
G ass (23.6) (3,739) (3,904)
Primary and 8.5 7,230 67,163
Fabricated Metal s (7.5) (18, 840) (44, 470)
Machi nery and 12.5 4,971 29, 405
Transportation (9.4) (15, 367) (20, 536)

Equi pment

31



Tabl e 2
Means of Total Factor Productivity
and Applied Product Field R&D
by Industry G oup
(Standard Devi ations in Parentheses)

| ndustry Group TFP R&D of Parent R&D of Rest of

Firm I ndustry
in the Product in the Product
G oup G oup

El ectri cal 10.5 22,900 67, 604

Equi pnent (9.5) (39, 595) (51, 058)

| nstrunents and 13.2 9, 265 91, 581

M scel | aneous (9.7) (16, 680) (62, 694)

Note. See (2) and the acconpanying text for the definition of TFP. R&D
variables are in thousands of 1987 doll ars.
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Tabl e 3
Firm R&D Effects on Plant Productivity:
Cheni cal s | ndustry
(t-Statistics in parentheses)

Vari abl e or Al Plants Cheni cal Pl ant s
Statistic
Eq. 3.1 Eq. 3.2 Eq. 3.3 Eq. 3.4 Eq. 3.5 Eq. 3.6 Eq. 3.7

Year Dummi es Yes Yes Yes Yes Yes Yes Yes
| ndustry Dunmi es Yes Yes Yes Yes Yes Yes Yes
Pl ant Operating
Dunmi es
Birth -0. 37 -0.35 -0.38 -0.36 -0.59 -0.59 -0.96
(-6.9) (-6.6) (-4.6) (-6.8) (-8.5) (-8.7) (-8.0)
Sl owdown -0.60 -0.60 -0.71 -0.60 -0.51 -0.51 -0.57
or Death (-14.7) (-14.8) (-13.2) (-14.7) (-9.3) (-9.4) (-8.1)
Regi onal Dumm es
Sout h -0.07 -0.07 -0.06 -0.07 -0.09 -0.09 -0.07
(-4.2) (-4.3) (-2.7) (-4.4) (-4.4) (-4.5) (-2.3)
Nor t h 0.17 0.16 0.22 0.16 0.18 0.16 0.21
(10.0) (9.8) (9.5) (9.7) (7.7) (7.3) (6.9)
West 0.01 0.01 0. 04 0. 00 -0.02 -0.02 0. 04
(0.5) (0.3) (1.8) (0.1) (-0.8) (-0.7) (1.2)
Measures of
Fi rm R&D
log (flow of 0. 006 0. 059 -0. 004 0. 064
total R&D) (2.0) (15.8) (-1.2) (13.4)
log (flow of 0. 061
total R&D per (15.9)
pl ant)
| og (stock of 0.076 0. 079
total R&D)?® (12.8) (10.6)
| og (number of -0.15 -0.19 -0.17 -0.20
pl ant s) (-24.4) (-19.9) (-21.8) (-16.5)
Adj usted R 0. 361 0. 379 0. 398 0. 368 0. 342 0. 366 0. 398
N 20022 20022 10294 20022 11845 11845 6147

Not es. Dependent variable is log (total factor productivity). Estimation nethod is OLS.
® The stock of total R&D is given by

5
RDK,-% (-8YRD,,

where *=0.15. The lag on R& investnents is linted to 5 periods so RDK, is a parti al
stock of R&D capital.
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Tabl e 4
Geographi ¢ Localization of R&D Effects
Wthin Firms®
(Asynptotic t-Statistics in parentheses)

Al plants Chenical Plants
Vari abl e or
Statistic Eq. 4.1 Eq. 4.2 Eq. 4.3 Eq. 4.4
Dunmi es® Yes Yes Yes Yes
Fl ow of R&D
total firm R&D 0. 054 0. 058
(14.5) (12.3)
di fferential 0. 115 0. 081
ef fect of (3.1) (2.5)
firmR&D in
ot her states
St ock of R&DF
total firm R&D 0.072 0. 053
(12.0) (8.2)
di fferential 0. 169 0. 008
ef fect of (2.8) (1.7)
firmR&D in
ot her states
| og (number of -0. 066 -0. 063 -0.132 -0.145
pl ants, sane (-6.8) (-4.5) (-10.2) (-7.9)
state)
| og (number of -0.110 -0. 140 -0.106 -0.094
pl ants, other (-16.7) (-14.2) (-13.1) (-8.9)
st at es)
Adj usted R 0. 381 0. 399 0.372 0. 401
N 20123 10294 11845 6147
Not es. Dependent variable is total factor productivity. Estimation

method is NLLS. 2 Specification of firmR&D effects is bclog(rd, +ccrd,),
where b is the effect of total firmR&D, rd, is firmR& in the sane
state as the plant, c is the subsidiary effect of firm R& conducted in

other states, and rd, is firmR& in other states.

°Qt her variables in the regressions include dunmies for year, industry,
pl ant operating status (birth, slowdown, and death), and region, all as
noted in Table 3. °See notes to Table 3 for the stock of total R&D.
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Table 5
Local i zati on of R&D Effects within Firns
I n Technol ogy Space?®
(Asynptotic t-Statistics in parentheses)

Al plants Chenical Plants
Vari abl e or
Statistic Eq. 5.1 Eq. 5.2 Eq. 5.3 Eq. 5.4
Dunmi es® Yes Yes Yes Yes
Fl ow of (R&D)
log (firm 0. 044 0. 049
R&D) (11.3) (9.9
differential 0. 326 0. 201
effect of firm (2.6) (2.5)
R&D in ot her
product fields
Stock of (R&D)°
log (firm R&D) 0. 039 0. 044
(6.4) (5.6)
differential 0. 010 0. 010
effect of firm (1.3) (1.0)
R&D in ot her
product fields
| og (number of -0.150 -0.178 -0.213 -0.224
pl ants, sane (-26.8) (-22.9) (-29.2) (-22.1)
product field)
| og (number of -0.024 -0.013 -0.001 0.013
pl ants, other (-3.7) (-1.9) (-0.2) (1.5)
product
fields)
Adj usted R 0. 387 0. 407 0.372 0. 419
N 20123 10294 11845 6147

Not es. Dependent variable is log (total factor productivity). Estinmation
method is NLLS. 2 Specification of firmR& effects is bClog (rd, +ccrd,),
where b is the effect of firmR&D, rd, is R&D in the sane product field as
the plant's, ¢ is the differential effect of firm R& conducted in other
product fields, and rd, is firmR&D in other product fields. ® Oher
variables in the regressions include dummes for year, industry, plant
operating status (birth, slowdown, death), and region, all as noted in
Table 3. ° See notes to Table 3 for the stock of total R&D.
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Table 6
Geographi c Localization of R& Effects
In a Circle of Gven Radius?
(Asynptotic t-Statistics in parentheses)

Al plants Chenical Plants

Vari abl e or

Statistic Eq. 6.1 Eq. 6.2 Eq. 6.3 Eq. 6.4

Dunmi es® Yes Yes Yes Yes

Fl ow of R&D
Radi us=100 nil es
log (firm R&D) 0. 056 0. 063

(14.5) (13.1)
differential effect 0.071 0.091
of firm R&D>100 (3.3) (3.0)
mles away
St ock of R&D,
Radi us=100 mi | es®
log (firm R&D) 0. 065 0. 066
(11. 4) (9.2)
differential effect 0. 107 0. 067
of firm R&D>100 (2.8) (2.2)
mles away

l og (number of firm -0.040 -0.025 -0.073 -0.046
plants within 100 (-6.7) (-3.1) (-9.2) (-4.2)
mles)

l og (number of firm -0.120 -0.152 -0.133 -0.146
pl ants outside 100 (-19.0) (-16.4) (-16.0) (-12.5)
ml es)

Adj usted R 0. 385 0. 399 0.373 0. 401

N 19567 10314 11532 6162

Not es. Dependent variable is log ( TFP). Estimation nethod is NLLS. @
Specification of firmR& effects is bcClog (rd, +ctrd,), where b is the
effect of total firmR&D, rd, is total R&D within a radius of 100 mles, c
is the differential effect of R& conducted outside 100 miles, and rd, is
R&D outside the 100 mile radius. ® Qther variables in the regressions

i ncl ude dunmm es for year, industry, plant status (birth, slowdown, death),
and region, all as noted in Table 3. ¢ See notes toTable 3 for the stock of
total R&D.
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Table 7
Firmand I ndustry R&D Effects
In a Circle of Gven Radius?
(Asynptotic t-Statistics in parentheses)

Al plants Chenical Plants

Vari abl e or

Statistic Eq. 7.1 Eq. 7.2 Eq. 7.3 Eq. 7.4

| ndustry Dunmi es No No No No

O her Dunmi es® Yes Yes Yes Yes

Fl ow of R&D
(Radi us=100, 200,

400 ni |l es)

log (firm R&D) 0. 085 0.088 0.108 0. 110
(19. 4) (20. 4) (20. 6) (21.8)

differential effect 0. 149 0.226

of firm R&D>100 (4.3) (4.7)

mles away

differential effect 0. 353 0. 256

of firm R&D>200 (4.6) (4.7)

mles away

log (industry R&D 0. 067 0. 084 0. 051 0. 067

within 400 mles) (9.8) (10.6) (6.7) (7.7)

l og (number of firm -0.037 -0.074 -0.126 -0.130
plants within 100 (-5.3) (-8.7) (-14.5) (-12.3)
mles)

l og (number of firm -0.221 -0.199 -0.276 -0. 250
pl ants outside 100 (-30.7) (-24.5) (-31.5) (-25.7)
ml es)

| og (number of -0.011 -0.015
i ndustry plants (-1.5) (-1.8)
within 400 niles

Adj usted R 0.136 0.137 0. 236 0. 236

N 19561 19561 11529 11529

Not es. Dependent variable is log ( total factor productivity).

Esti mati on nethod is NLLS.

(rd, +cCrd, ), where b i
R&D within a radi us of
conducted outside R m
These are dumm es for
regi on.

s the effect of

R mles,
| es,
year,
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Tabl e 8
Changes in Localization Over Tine:
Firmand I ndustry R&D Effects
In a Circle of Gven Radius?
(Asynptotic t-Statistics in parentheses)

Initial Period Concl udi ng Peri od
Vari abl e or
Statistic Eq. 8.1 Eq. 8.2 Eq. 8.3 Eq. 8.4 Eq. 8.5 Eq. 8.6
Time Period 1974- 1974- 1974- 1979- 1981- 1981-
1978 1980 1980 1988 1988 1988
| ndustry Dunmi es Yes Yes No Yes Yes No
O her Dunmi es® Yes Yes Yes Yes Yes Yes
Fl ow of R&D
(Radi us= 100 & 400
mles)
log (firm R&D) 0. 029 0. 036 0. 041 0.074 0.074 0.135
(6.8) (6.8) (6.7) (15.6) (14.1) (24.2)
differential effect 0. 013 0. 022 0. 022 0.191 0. 215 0.371
of firm R&D>100 (1.1) (1.6) (1.5) (3.6) (3.1) (4.8)
mles away
log (industry R&D 0.077 0.071
within 400 mles) (7.6) (5.8)
l og (number of firm -0.113 -0.125 -0. 209 -0.164 -0.148 -0.277
pl ant s) (-12.4) (14.8) (-20.6) (-18.5) (-14.9) (-24.4)
| og (number of -0.030 0. 010
i ndustry plants (-3.1) (0.9)
within 400 niles)
Adj usted R 0. 390 0. 395 0.113 0. 398 0. 396 0.178
N 9283 11636 11636 10221 7868 7868

Not es. Dependent variable is log (TFP). Estimation nmethod is NLLS. ®* Specification

of firmR&D is bclog (rd, +cCrd,), where b is the effect of log (firmR&D), rd, is R&D
within a radius of Rnmiles, ¢ is the differential effect of R&D outside R niles, and
rd, is the R& outside the radius. ® Dunmies stand for year, plant status (birth,

sl owdown, death), and region. ¢ See notes to Table 3 for the stock of total R&D
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